By combining cosmological probes at low, intermediate and high redshifts, we investigate the observational viability of a class of models with interaction in the dark sector. We perform a Bayesian analysis using the latest data sets of type Ia supernovae, baryon acoustic oscillations, the angular acoustic scale of the cosmic microwave background, and measurements of the expansion rate. When combined with the current measurement of the local expansion rate obtained by the Hubble Space Telescope, we find that these observations provide evidence in favour of interacting models with respect to the standard cosmology.
I. INTRODUCTION
The Universe we observe today has been largely explained by the Λ plus cold dark matter (ΛCDM) cosmology. There are, however, some important theoretical issues in the context of this scenario that need to be better understood as, for instance, the value of the cosmological constant Λ, whose theoretical expectations differ from the observational value up to 120 orders of magnitude [1] [2] [3] . From the observational side, there are also some tensions which emerge when different data sets at different scales are analysed. Examples are the current value of the Hubble parameter, H 0 , estimates of the power spectrum amplitude on scales of 8h −1 Mpc, σ 8 , and measurements of the matter density parameter, Ω m , (see, e.g., [4] [5] [6] [7] and the references therein for details).
Some of these issues have motivated the investigation of alternative models of the Universe, usually associated with physical processes involving either new fields in high energy physics or modifications of gravity on large scales [8] [9] [10] [11] . In principle, to check the validity of a theory or model (for instance, the standard ΛCDM cosmology), it is always interesting to insert it in a more general framework. Here we study a class of phenomenological models named non-adiabatic generalised Chaplygin gas (GCG), of which the standard model is a particular case [12] [13] [14] . Due to their generality, these models deserve a broader and careful discussion. As can be shown, the ΛCDM results are readily recovered for a specific value of the dimensionless parameter α (α = 0). Another wellmotivated class of models in which dark energy decays into dark matter at a constant rate (hereafter denoted by Λ(t)CDM) is fully described for α = −1/2 [15, 16] .
In what follows, we provide a brief revision of the GCG model, highlighting its dynamics and evolution, and also showing how it can be reduced to either the ΛCDM and Λ(t)CDM models. Next, we introduce the observational data which are used to perform a Bayesian analysis of these models, namely: 740 type Ia supernovae (SNe Ia) from the Joint Light-curve Analysis (JLA) dataset [17] , 4 measurements of baryon acoustic oscillations (BAO) using the ratio D V /r s , obtained from two-point correlation function (2PCL) analysis [18, 19] , 14 measurements of BAO (θ BAO ), obtained using an angular two-point correlation function (2PACL) [20] [21] [22] [23] , the acoustic scale A derived from the Planck 2015 anisotropy spectrum of the cosmic microwave background (CMB) [24] , and 25 data points of the expansion rate, H(z), obtained from red galaxies up to z ∼ 1 [25] [26] [27] [28] . The parameter space is explored by using the MULTINEST algorithm [29, 30] . It also provides the Bayesian evidence as a by-product, which is used to compute the Bayes' factor and indicates which model best reproduces the observations. Our analysis shows that the current cosmological data provide evidence in favour of interacting models with respect to the standard ΛCDM cosmology. Throughout this paper we work with units where c = 8πG = 1.
II. COSMOLOGICAL MODELS
In this section we briefly present the cosmological models used in our analysis. We will introduce the nonadiabatic generalised Chaplygin gas model and then the two of its particular cases mentioned earlier, i.e., the ΛCDM and Λ(t)CDM models.
A. Non-adiabatic generalised Chaplygin gas
Let us start by considering that the dark sector of the Universe is composed of a fluid with negative pressure described by [31] [32] [33] [34] [35] [36] [37] 
where A is a positive constant and α > −1. Its equation of state is p = ωρ, with −1 < ω < 0. This dark fluid can be formally broken into two components: a non-relativistic, pressureless fluid, which can cluster, known as dark matter; and a dark energy component with ω Λ = −1, such that we can write p Λ = −ρ Λ [38] . For a spatially flat Universe, the Friedmann and energy balance equations can be written, respectively, as
Notice that Eq. (3) describes how the two components of the dark sector interact. We can use Eq. 2 to show that
Also, if we differentiate Eq. (2) and substitute it in Eq. (3) we find
Now we can combine Eq. (4) with Eq. (5) to write
where we introduce Γ = −ρ Λ /ρ dm as the energy flux rate, used to define the rate at which dark matter is created. The adiabatic speed of sound for the generalised Chaplygin gas is given by [39, 40] 
from where we obtaiṅ
If we use this in Eq. (3) we finḋ
This result can be substituted in our definition of the energy-flux rate to rewrite it as Γ = 3αωH .
With the help of Eq. 1, we find
Hence, if we recall Eq. 2, we have
We can see that the value of α characterises the interaction between the two components of the dark sector. For α < 0, we have Γ > 0, which implies that there is an energy flux from dark energy to dark matter. If α = 0, we are reduced to the ΛCDM model, where Γ = 0. On the other hand, for α = −1/2, Γ is constant and we obtain the Λ(t)CDM model, as we will see in Section II C.
Let us now turn to the function which describes the dynamics and evolution of this model, E(z) = H(z)/H 0 , where a subscript '0' denotes present-day quantities. If we substitute Eq. (1) in Eq. (3), it gives
and integrating it leads to
whereĀ ≡ A/ρ α+1 0
. If we replace ρ = 3H 2 in the above equation and use a 0 = 1 it becomes
Taking the limit z → −1, we notice thatĀ = Ω Λ,0 = 1 − Ω m,0 . We have also Ω Λ,0 = −ω 0 , since
with ρ c,0 being the value of the critical density today, and, by definition, ρ Λ,0 /ρ c,0 = Ω Λ,0 . To include the contribution of the radiation component, Ω r,0 , we simply add a term proportional to (1+z) −4 , since it is conserved separately. Finally, we have
Through a binomial expansion of this function, we find a term scaling as
which gives the matter density at high redshifts. This assures us that the term Ω m,0 in Eq. (17) also includes the conserved baryons.
B. ΛCDM
In the ΛCDM scenario, the two dark components are separately conserved. If we consider a spatially flat Universe, we have
which is equivalent to setting α = 0 in Eq. (17).
C. Λ(t)CDM
The Λ(t)CDM model proposed in [15, 16] attempts to alleviate the tension between the value of dark energy we observe today and that obtained in quantum field theories. This is done by taking into account the contributions of interacting fields in the low-energy limit, which gives us a dark energy density scaling as [41] ,
where m ≡ 150 MeV is the energy scale of the chiral phase transition of QCD. The conservation equation for this model is similar to that of the GCG, where dark energy decays into dark matter, as given by Eq. 3. We must postulate that only dark matter is produced and that baryonic matter is conserved, as not to have problems with primordial nucleosynthesis. The Hubble parameter evolution for this model is given by
(21) which is equivalent to taking α = −1/2 in Eq. (17) . It is interesting to note that it has the same number of parameters as the standard model, which makes comparing them all the easier, since models with more parameters tend to be penalised in Bayesian statistics.
III. OBSERVATIONAL PROBES
When selecting cosmological probes, we must be careful to choose those in which we are able to separate their intrinsic evolution from the way they evolve with the redshift. For this purpose, we are mostly interested in probes which can be standardised, such as SNe Ia and BAO measurements. Another factor to consider is how dependent a particular observation is on the fiducial cosmological model chosen to calibrate the data. This is one of our main concerns, since the purpose of this paper is to test alternatives to the standard model. Out of the four probes we have used here, the cosmological clocks currently present the largest source of systematic errors. For this reason, our joint analyses are made both with and without them, so that we may try to investigate whether they bias the result to a particular model.
A. Type Ia Supernova
Type Ia supernovae are one of the most important tools for studying the cosmic evolution of the Universe, and hence for constraining cosmological parameters. In our analysis, we have employed the JLA dataset, with 740 SNe Ia with redshifts up to z ∼ 1.3 [17] , and followed the procedure given in [42] for obtaining the apparent magnitude in the B-band: (22) where z CMB and z hel are the redshift in the CMB rest frame and the heliocentric redshift, respectively. The parameters that model the light-curves are X 1 and C, which are responsible for characterising the stretch and variation in colour, while α and β are nuisance parameters. M B is also a nuisance parameter, corresponding to the magnitude of a fiducial supernova, and d L is the luminosity distance.
We construct the χ 2 as
), (23) where the covariance matrix is given by
with
The first three terms account for the errors in redshift due to peculiar velocities, the variation in the magnitude caused by lensing, and all other factors not already accounted by the former two, respectively. The fourth term, σ m B , is the error of the observed magnitude. The other terms are errors in stretch (X 1 ), colour (C), and their covariance matrices. The sum of the statistical and systematic covariance matrices is
where V 0 , V a , V b , V 0a , V 0b and V ab are matrices provided by the sample [17] .
B. Baryon Acoustic Oscillations
Measurements of DV /rs
The BAO's left mensurable signatures in the distribution of galaxies which have been robustly detected from data of galaxy redshift surveys [43] . From the currently available observations, angle-averaged clustering data determine the ratio D V /r s , where r s is the acoustic horizon at the end of radiation drag and D V is given by [44] 
Measurements of this type assume a fiducial cosmology in order to transform the measured angular positions and redshifts into comoving distances, which may bias the parameter constraints [45, 46] . The data used here are given in Table I . In order to constrain the cosmological parameters, we evaluate
BAO is the inverse of the covariance matrix. 0.440 11.551 ± 0.559 [19] 0.600 14.944 ± 0.677 [19] 0.730 16.932 ± 0.580 [19] TABLE I: The first column shows the redshift in which DV /rs was measured. The second column contains the mean values and the standard deviations of DV /rs. The third column shows the due references.
Measurements of θBAO
A more model-independent way to measure the signature of the BAO's can be obtained from a 2-point angular correlation function analysis. The procedure consists of measuring the angular separation between pairs for a defined comoving acoustic scale, considering very thin redshift shells of order 0.01 − 0.02 [20] . Since there is no need for a fiducial cosmology, the measurements of θ BAO are almost model-independent, which makes this a robust tool for testing cosmological models 1 . The theoretical value of Θ BAO for a given cosmological model can be found by employing
For a model with a set of free parameters S, we have
where θ BAO,obs are the values of θ BAO given in Table II , θ BAO,th is calculated using Eq. (29), and σ is the error, also given in the aforementioned table.
C. CMB Acoustic Scale
The full analysis of the Planck 2015 provides a nearly model independent, well constrained value of the angular scale of the sound horizon at the time of decoupling, A . Although it provides only one data point, it is useful z ΘBAO( • ) References 0.235 9.105 ± 0.230 [21] 0.365 6.362 ± 0.220 [21] 0.450 4.767 ± 0.170 [20] 0.470 5.017 ± 0.250 [20] 0.490 4.989 ± 0.210 [20] 0.510 4.814 ± 0.170 [20] 0.530 4.291 ± 0.300 [20] 0.550 4.250 ± 0.250 [20] 0.570 4.593 ± 0.355 [22] 0.590 4.394 ± 0.330 [22] 0.610 3.856 ± 0.305 [22] 0.630 3.912 ± 0.430 [22] 0.650 3.550 ± 0.160 [22] 2.225 1.850 ± 0.330 [23] when combined with other cosmological probes, since it carries important information about the early-universe physics. We have
with Θ A being the angular scale of the first peak of the angular power spectrum of CMB anisotropies, given by
The limit z * refers to the redshift at the time of the last scattering. The ratio between the speed of sound c s and the speed of light can be calculated using
where ρ b is the baryon density and ρ γ is the photon density. We get the redshift z * by computing [47] 
where Ω b and Ω m are the relative densities of baryons and total matter, respectively. The value of A = 301.63 ± 0.15 used in this analysis is taken from Planck 2015 results [24] .
D. Cosmological Clocks
Differently from the other probes discussed earlier cosmological clocks are based upon measurements of time over the cosmic evolution. The Observational Hubble Data (OHD) is obtained by using the differential age method [48, 49] , which constitutes of taking the relative age of passively evolving galaxies ∆t, separated by a redshift ∆z. This is then used to obtain
However simple this equation may be, obtaining the ratio ∆z/∆t is rather difficult, because one needs a good sample of populations of galaxies, and also has to rely largely on stellar population synthesis models [27] . Our dataset consists of values calculated by several authors, as shown in Table III . The χ 2 OHD is given by
where OHD obs is the value of OHD obtained from the sample, with its respective error σ i , and OHD th is the calculated value for each model. We add to this H(z) sample the current value of the Hubble parameter, H 0 = 73.24 ± 1.74 km/s/Mpc, derived by Riess et al. [50] using four geometric distance calibrations of Cepheids.
IV. STATISTICAL ANALYSIS
Bayesian inference has become one of the most popular methods for analysing data in cosmology (see, e.g., [52] [53] [54] and references therein). It provides a way to easily deal with the problem of nuisance parameters by giving us the freedom to marginalise over them. It also takes into account prior information, which can be very useful in the case of parameters that have a physical meaning, or when we have already obtained their value by using a model-independent approach. For these reasons, we have chosen to use Bayesian inference while employing the MULTINEST algorithm [29, 30] , which is simple to use and can be modified to work with different cosmological models and various observational probes. To ensure that MULTINEST was free of bias to any particular model, we have previously carried out the tests with our own codes, and only then switched over to gain computational time and accuracy. The priors we have used are detailed in Table IV . For all other parameters not mentioned in the table, we adopted a flat prior.
A. Bayesian Evidence
When comparing models, the Bayesian evidence is crucial since it holds information on which of the models are best able to reproduce the observations. Again, MULTINEST proved to be the best choice for this analysis, because it gives us the evidence as a by-product of its calculations. For a given set of data D, described by a model M , with parameters S, we have Bayes' Theorem
where the posterior probability, P(S|D, M ), holds all we know about S, after we have analysed D; the likelihood, P(D|S, M ), tells us the probability of reproducing the data for different values of the parameters; the prior is represented by P(S|M ); and, lastly, the denominator P(D|M ) ≡ Z is the evidence. Once we have the evidence, we are able to apply Bayes' Factor to determine which of the two models is more favoured by the data,
A value B(D) > 1 favours M 1 , otherwise M 2 is favoured. A further step involves invoking Jeffreys' scale, to determine how much confidence we can have in our results. We use the revisited version of the Jeffreys scale suggested in [56] : inconclusive for | ln B | = 0 − 1, weak for | ln B | = 1 − 2.5, moderate for | ln B | = 2.5 − 5 and strong for | ln B | > 5. Note that a negative ln B means preference of the reference (M 1 ) over the analysed model (M 2 ).
V. RESULTS AND DISCUSSION
For tests using SNe Ia data, we have included the H 0 prior shown in Table IV . This procedure is advisable due to the degeneracies on h and M B when both are free parameters. Moreover, the best fit values are compatible with those when this prior is not used, as we can see in Figure 1 Table V displays the results for the analysis using H 0 +SN+BAO+ A (for simplicity, we will refer to the combined analysis of the two kinds of BAO measurements as BAO only), where we can see that the Λ(t)CDM model yields the highest value of Ω m,0 , which is expected, since we are assuming a production of dark matter with the decay of dark energy. Similarly, for tests involving the GCG model, Ω m,0 is 37% greater than that obtained for the ΛCDM scenario. These results can also be seen in Figure 2 , where we display the Probability Density Functions (PDF) and contour plots of h and Ω m,0 for the three models. When comparing the models, it is clear that those with interaction in the dark sector are more favoured by the observational probes. For the tests with H 0 +SN+BAO+ A , there is a positive evidence (1.627 ± 0.518) for the Λ(t)CDM model over the standard cosmology. On the other hand, when we look at ΛCDM and the GCG model, we have a moderate evidence (3.314 ± 0.513) towards the latter.
If we turn to the results obtained when we add the data from cosmological clocks, there is also a positive evidence (1.362 ± 0.513) for the GCG model. However, in the case of Λ(t)CDM, this model is disfavoured against ΛCDM (1.247 ± 0.514). The 2σ error interval, nevertheless, is large enough to encompass the inconclusive case as well, therefore it is safe to say that this particular dataset is incapable of differentiating between the three models. Table VIII shows the complete analysis using the Bayes' Factor and Jeffreys' scale to compare the models to our selected set of combined observational probes. It is worth noting that cosmological clocks seem to shift the balance in favour of the standard model (lower values of Ω m,0 , tendency towards a higher best fit value of α, as shown in Table VI and Figure 3 , and the positive/inconclusive evidence towards ΛCDM), whereas, if we do not include this cosmological probe, the results do not disfavour the alternative models, but rather give conclusive evidence towards them. For tests carried out with each individual cosmological probe used here, most produced inconclusive results, except for cosmological clocks, which favoured the standard model, and the ones with only Θ BAO , that gave a strong evidence (∼ 6.97 ± 0.122) towards both models with interaction in the dark sector.
Finally, it is worth mentioning that to obtain the above results we have used a model-independent Gaussian prior on the acoustic scale r s (see Table IV ) derived from a subset of data similar to the one we are using to constrain our particular models. Although correct as a consistence test, it may be seen as a double counting of information. On the other hand, using the theoretical value for the acoustic scale would imply taking for granted that it coincides with the BAO scale and that the redshift of baryon-radiation drag is that obtained from CMB with the ΛCDM model. In order to avoid these assumptions and, at the same time, to verify the robustness of our results, we have also performed an analysis of the H 0 + SN + BAO + A set of observations with a flat prior on r s , whose results are shown in Table VII 
